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ABSTRACT 

Spectral aid photometric observations of nearby galaxies show a correlation 
between the strength of their mid-lR aromatic features and their metal abun- 
dance, and a deficiency of these features in low-metallicity galaxies. The aro- 
matic features are most commonly attributed to emission from PAH niolecules. 
In this paper, we suggest that the observed correlation represents a trend of PAH 
abundance with galactic age, reflecting the delayed injection of PAHs and car- 
bon dust into the ISM, by AGB stars in their final, post-AGB phase of their 
evolution. These AGB stars are the primary sources of PAHs and carbon dust 
in galaxies, and recycle their ejecta back to  the interstellar medium only after a 
few hundred million yea.rs of evolution on tlie main sequence. In contrast, more 
massive stars that explode as Type I1 supernovae inject their metals and dust 
almost instantaneously aft.er their formation. After determining the PAH ahun- 
dances in 35 nearby galaxies, we use a chnical  evolution model to show that 
the delayed injection of carbon dust by AGB stars provides a natural explana- 
tion to the dependelice of tlie PAH content, in galaxies with metallicity. We also 
show that larger dust particles giving rise to the far-IR emission follow a distinct 
evolutionary trend closely related to the iiijcct ion of diist, by massive stars into 
the ISM. 
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1. INTRODUCTION 

Spectral and photometric observations of nearby galaxies with the Infrared Space Obser- 
vatory (15’0) and the Spitxer Space Telescope have provided the opportunity t o  investigate 
the inter-relations between global galactic properties, such as morphology, star formation 
activity, spectral energy distribution (SED), metallicity, and dust abundance and compo- 
sition. In particular, these observations have enabled detailed studies of the correlation of 
dust abundances and composition with metal enrichment in galaxies spanning a wide range 
of met allicities. Since the metallicity of galaxies evolves monotonically with time, galaxies 
with different metallicities provide snapshots of the evolutionary history of galaxies. 

An exciting result provided by I S 0  spectral observations of nearby galaxies was the 
discovery of a striking correlation between the strength of their mid-IR aromatic features 
and their metallicity (Madden et al. 2006). Low-metallicity galaxies exhibited very weak 
or no aromatic features. Observations of the 8-to-24 pm bands flux ratio obtained with 
SpitzerlIRAC and Spitzer/MIPS instruments showed a correlation of this f l~w ratio with the 
galaxies’ oxygen abundance (Engelbracht et al. 2005). Since the Spitxer/IRAC~,, band is 
supposed to trace the strength of the aromatic features, and the Spitzer/MIPS24,, that of 
the continuum emission from the hot non-aromatic dust coniponent, this correlation seemed 
to confirm the trends discovered by ISU. This correlation was independently confirmed by 
\Vu et al. (2006) and O’Halloran et al. (2006) from spectral observations of low-metallicity 
blue compact dwarf galaxies with the Spitzer/IRS instrument. 

The aromatic features are most commonly attributed to the vibrational modes of Poly- 
cyclic Aromatic Hydrocarbons (PAHs; Lkger & Puget 1984; Allamandola et al. 1985) , which 
are large planar molecules macle of 50 to  1000 carbon atoms. Their ubiquity makes them 
an important component of dust models (DGsert et al. 1990; Dwek et al. 1997; Draine & 
Li 2001; Li & Draine 2001; Zubko et al. 2004), locking up N 15 - 20% of the total amount 
of interstellar carbon (Zubko et al. 2004, with solar abundance constraints). They mostly 
reside in galactic photodissociation regions (PDRs), where they play an important role in 
the heating of the gas by providing photo-electrons (e.g. Tielens & Hollenbach 1985; Bakes & 
Tielens 1994) , and in interstellar chemistry by providing surfaces for chemical reactions. Be- 
cause of their small sizes, PAHs are stochastically heated by the interstellar radiation fields. 
The relative strength of some of the aromatic features depends on their ionization state, 
and varies therefore significantly with the physical coiiditiori of the environment (Hony et d. 
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2001; Vermeij et al. 2002; Galliano et al. 2007). Understanding the evolution of PAHs and 
their relation to the global properties of galaxies is therefore extremely important because 
of the complex mutual influences between PAHs, and their ambient radiative and gaseous 
surroundings. 

Several explanations have been offered for the correlation of the intensity of the PAH 
features with metallicity. The first suggests that the trend reflects an increase in the de- 
struction efficiency of PAHs in low nietallicity environments Galliano et al. (2003, 2005); 
Madden et al. (2006). Low-metallicity environments are bathed with harder photons than 
our Galaxy, due to the higher effective temperature of their staxs, and their young age. 
Moreover, the paucity of dust allows this hard radiation field to  penetrate deeper into the 
ISM, compared to higli-metallicity systems, selectively destroying the PAH molecules by 
photoevaporation or photodissociation. This explanation is consistent with the mod- 
els of population synthesis and dust evolution of Dwek et al. (2000). Assuming 
that PAHs are efficiently destroyed by UV photons in HII regions, their models 
showed an evolutionary trend of PAR features with time, as the relative contri- 
bution of ionizing OB stars to  the galaxy’s SED decreases with time. A second 
explanation has been proposed by O’Halloran et. al. (2006), who suggested that PAHs are 
destroyed by the numerous shocks observed in low metallicity systems. To support their 
proposition, they showed an anti-correlation between the PAH-to-continuum ratio and the 
[Fe 11]25.99~~/[Ne 1 1 ] 1 2 . 8 1 ~ ~ ~  line ratio, the latter being supposedly a shock tracer. The problem 
with this explanation is tha,t there is no observational evidence that PAHs are selectively de- 
stroyed in shocks. On the contrary, Reach et al. (2002) showed that, in the shocked medium 
of 3C 391, both the PAH features and the underlying continuum disappear. 

All previous explanations attribute the paucity of PAHs to destructive pro- 
cesses that are more efficient in the early stages of galaxy evolution. In contrast, 
Dwek (2005) suggested that the observed correlation reflects an evolutionary trend of the 
sources of interstellar PAHs with metallicity. PAHs and carbon dust are mostly produced in 
asymptotic giant branch (AGB) stars which: unlike massive stars, recycle their ejecta into 
the ISM after a significantly longer time of main sequence evolution. The observed corre- 
lation of PAH line intensities with metallicity is therefore a trend of PAH abundance with 
galactic age, reflecting the delayed injection of PAHs and carbon dust into the ISM by AGB 
stars in their final, post-AGB, phase of their evolution. 

Such distinct evolutionary trends of SN and AGB produced dust with time 
were predicted by Dwek (1998) and more recently by Morgan & Edmunds (2003). 
In particular, the latter show the evolutionary trend of AGB dust with time. This 
trend can be translated as a trend with inetallicity if galaxies approximately share 
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a global “cosmic” star formation history. 

The goal of this paper is to present a detailed evolutionary model to examine whether the 
observed trend of PAH line intensity with metallicity reflects an evolutionary trend of PAH 
abundance with metallicity. This requires the determination of PAH abundance from the 
strength of their aromatic features in the galaxies for which this trend has been observed, and 
the use of a chemical evolution model to follow the change of PAH abundance with galactic 
metallicity (Dwek 1998). The paper is organized as follows. We first present in Sect. 2 the 
sample of nearby galaxies that were considered in our analysis. In Sect. 3, we describe the 
method we used to determine the intrinsic stellar radiation field, and the abundance of PAHs 
as well as the larger grains in these galaxies. In Sect. 4, we briefly describe the chemical 
evolution model used in the calculations, and compare its results to  the abundances derived 
from our SED modeling. The results of the paper are briefly summarized in Sect. 5.  

Throughout this paper we will refer to the solar abundances by Grevesse & Sauval 
(1998), the oxygen number abundance being 12 + log(O/H), = 8.83, the Helium and heavy 
elements to gas mass ratios Y, = 0.248 and 2, = 0.017, respectively. Besides, we assume 
that the helium abundance is independent of the metallicity. 

2. THE SAMPLE OF NEARBY GALAXIES 

2.1. Source Selection 

In order to properly characterize the PAH emission, we considered galaxies whose mid-IR 
spectrum has been observed, either with one of the spectrographs onboard the I S 0  satellite, 
or with the Spitzer/IRS. We combined IS0 samples of starbursts and AGNs (Laurent et al. 
2000): spirals (Roussel et al. 2001), ellipticals (Xilouris et al. 2004), dwarf galaxies (Madden 
et al. 2006), and the low-nietallicity sources of the Spitzer sample presented by Engelbracht 
et al. (2005) which were observed by Spitzer/IRS. Among the ellipticals, only NGC 1399 has 
a mid-IR spectrum. Consequently, our sample includes various types of galaxies and covers 
a wide range of inetallicities and star formation activity (Table 1). 

The inodeling that will be presented in $3 requires the assembly of data covering the 
stellar as well as the dust emission components. for each galaxy. First, we need most of 
the U, B, V, R, I, J, H: K fluxes, to constrain the stellar spectrum shape. Photometric 
J ,  H and K bands are available for almost all of our sources, thanks to the 2,nlIASS survey 
(Jarrett et al. 2003). We rejected the galaxies Arp 118; Arp 236, Arp 299 and KGC 4038, 
for which no B and V bands were reported. Second, the far-IR SED is used to constrain 
the iiiteiisity of the interstellar radiation field (1SR.F). Hence, we rejected galaxies wliich 
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have not been detected by IR.AS or MIPS, such as HS 08223-3542, To1 1214-277 and To1 65. 
In addition, our mass estimates are normalised to  the H I  mass. We therefore rejected the 
galaxy IRAS 23128-5919, for which no H I  observation was reported. Finally, we removed 
M 31 from our sample, since its angular diameter is too large to  build a consistent observed 
total SED. 

The global properties of the selected sources are presented in Table 1. If relevant, the 
distances were hoinogenised to HO = 71 km s-' Mpc-l. The masses have been scaled to the 
adopted distance. 



I 

Table 1. Select properties of the sample. 

?Tame R.A. Dec. Mid-IR Distance 12 + log(O/H) MH I MH2 Notes 
(J2000) (52000) spectrograph (Mpc) [ref.] (lo8 MO) [ref.] (10' Ma) [ref.] 

I l l  
> 253 

520 
2 613 
2 891 
2 1068 
2 1097 
2 1140 
2 1365 

2 1399 
42 
2 1569 
2 1808 
w 40 
!-lo 
118 
2 
2 3256 
.33 
.153 
Zw 403 
448 
2 4945 
taurus A 
1 
3 

0335-052 

00"36m52?5 
00h47m32:9 
01"24m34?9 
01"34m1'7?5 
02"22m33?4 
02"42m4CF6 
02h46m19?'1 
02"54" 33?5 
03h33m35?6 
03'137m44?0 
03h38m29?1 
03'146m49?7 
04"30n149?1 
05"07m42?3 
05'155m,42?7 
08h3Gm15S2 
09h34m02?0 
0gfz 55m 5 1?8 
10h27m51?1 
10h32Tn31?9 
10h49m05:0 
1 1 "27"'5 9: 9 
11 "42'Y 2.74 
13h05m2G?2 
1 3%? 5 "l28?0 
13"29"52?7 
13h37'n00?7 

-33"33'19'' 
- 25' 17'1 8" 
+03"47'31'' 

+42"20'57'' 
-29O24'58'' 

-00"00'47'' 
-30"16'28'' 
-10"01'44'' 
-36"08'23'' 
-05"02'38'' 
-35'27'03'' 
+68"05'45'' 
+64"50'52'' 

+03"23'29'' 

+ 55" 14'28" 
+69"40'46'' 

+54" 24'04" 
+ 52" 20'08'' 
f78"9'39'' 
+00"20'03" 

-37"30'47'' 

- 2 6" 24'34" 

- 43" 54' 1 7" 

- 49" 28' 1 5'' 
-43"Ol'OG'' 
+47"11'43'' 
-29"51'58'' 

SpitzerlIRS 
ISOIC AM 
ISOICAM 
ISOICAM 
ISO/CAM 
ISOICAM 
ISOICAM 
ISOICAM 
ISO/C AM 
SpitzerlIRS 
ISO/CAM 
ISOICAM 
IS01 CAM 
ISO/ CAM 
ISO/CAM 
SpitzerlIRS 
SpitzerlIRS 
ISOICAM 
ISO/ CAM 
SpitzerlIRS 
Spitzer/IRS 
SpitzerlIRS 
SpitzerlIRS 
ISO/CAM 
ISO/ CAM 
ISU/CAXII 
ISO/CAM 

92 7.9 
3.3 9.0 
27 (7) 

19 9.2 
9.6 8.9 
15 9.0 
12 9.0 
25 8.0 
19 9.1 
54 7.3 

3.8 8.9 
2.2 8.2 
11 9.1 
10 8.1 

8.7 8.9 
13 7.2 

3.6 9.0 
37 8.9 
20 8.4 
37 7.8 
4.5 7.7 
70 8.0 

21 (?) 

3.9 ('?) 

3.8 N 9 
8.4 8.7 
4.5 9.2 

< I(?) 
N 

18 
35 
37 
76 
22 
51 
52 

130 
9.9 

130 
1.3 
18 

4.2 
3.1 
1.2 
9.0 
62 

4.3 
6.7 

0.69 
47 
45 
11 
50 
51 

N < 2  

N .  < 1  
17 
35 
. .  
49 
74 

N > 7.3 
... 
170 
. . .  
. . .  
50 

0.50 
20 

0.23 
1.6 

13 
300 

0.70 

. . .  

24 
17 

2.0 
56 
49 

Pec HII 
H II 
Pec HII 
SY 
Edge-on 
SY 
SY 
Irr HII 
SY 
BCD 
cD 
H 11 
Irr H I I  
SY 
BCD 
Irr HII 
BCD 
Irr HII  
Pec HII  
Irr H I I  
BCD 
BCD 
Pec H 11 
Edge-on S! 
Elliptical 5 

H 11 



Table 1-Continued 

Name R.A. Dec. Mid-IR Distance 12 + log(O/H) MH I MH2 Notes 
(J2000) (52000) spectrograph (Mpc) [ref.] (lo8 Ma) [ref.] (10' MQ) [ref.] 

1 89 14h01m21?5 
rcinus 14" 13m09?G 
2C 5253 13h39m55?7 
p 220 15h34m57?2 
:C 6240 1Gh52"58?8 
32 6946 20h34"51?2 
.k 930 23h31"58?3 
:C 7714 23"3Gm143 

-33°03t50ff 
-G5"20'21" 
-31"38'29/' 
+23"30'11" 
+02°24r0G" 
+G0°09' 17" 
+28"56'50'' 
+02°09r19N 

SpitzerlIRS 
ISOICAM 

ISOICAM 
ISOICAM 
ISOlC AM 
SpitzerlIRS 
SpitzerlIRS 

ISOlSWS 

15 8.0 
4.0 (?) 

3.3 8.2 
73 

5.5 9.1 
73 8.1 
37 8.5 

98 (?) 

[571 13 
55 

280 
88 

1631 56 
[44J 28 
~ 7 1  17 

~ 7 1  0.91 

... 
11 

160 
310 
33 

22 

N i= 0.1 

... 

H 11 
PI SY 
[61] Irr HII  
[G2] ULIRG 
[9] LIRG 

[G5] HII 
H II 

[G8] Pec HII 

2fcrences. - [2] Bergvall et al. (2000); [3] Zaritsky et al. (1994); [4] Boomsrna et al. (2005); [5] Houghton et al. (1997); [GI Bernloehr 
3); [7] Yun & Hibhard (2001); [8] Alloin et al. (1979); [9] Bettoni et al. (2003); [lo] Otte et al. (2001); 1111 Dutil & Roy (1999); 
Staveley-Smith & Davies (1987); [13] Helfer et al. (2003); [14 Storchi-Bergmann et al. (1995); [15] Ondrechen & van der Hulst (1989); 
Geriii et al. (1988); [17] Heckman et al. (1998); [IS] Hunter et al. (1994); [19] Roy & Walsh (1997); 1201 Jorsater & van Moorsel (1995); 
Sandqvist et al. (1995); [22] Izotov et al. (1999); [23] Thuan et al. (1999a); [24] Pilyugin et al. (2004); [25] Kobulnicky & Skilliiian 
7); [26] Stil & Israel (2002); [27] Israel (1997); [28] Ravindranath & Prahhu (2001); [29] Dahlein et al. (2001); [30] Dahlem et al. 
0); 1311 Pkrez-Montero & Diaz (2003); [32] Sauvage et al. (1997); [33] van Zee et al. (1998); [34] Boselli et al. (2002); [35] Appletoii 
. (1981); [3G] Walter et al. (2002); (371 Mas-Hesse & Kunth (1999); 1381 Casasola et al. (2004); [39] Sargent et al. (1989); [40] Thuan 
. (2004); [ill] Israel (2005); [42] Kunth & Joubert (1985); [il3] T h a n  & Martin (1981); [44] Izotov & Thuan (1998); [45] Sage et al. 
2); [46] Huchtmeier & Richter (1988); [47] Dahlem et al. (1993); [48] Schaerer et al. (2000); [49] Richter et al. (1994); [50] Wild 
. (1997): [51] Bresolin et al. (2004): (521 Dean & Davics (1975); [53] Hclfer et al. (2003); 1541 Webster & Smith (1983); [55] Tilanus 
lei1 (1993); [5G] Lundgren et al. (2004); 1571 Durret et al. (1985); [58] Paturel et al. (2003); [59] Elinouttie et al. (1998); [GO] R.eif 
(1982); (611 Meier et al. (2002); 1621 Sanders et al. (1991); [G3] Kobuliiicky et al. (1999); [64] Carignan et al. (1990); [G5] Tacconi 
mng (198G): [GG] Hopkins et al. (2002); (G7] Gonzalez-Delgado e t  a1. (1995);-[68] Struck & Smith (2003). 

te. The sources are ordered according to their right ascension. The symbol (9 identifies uiicertain values. Entries for tlie 



allicity for which no data exist are marked by - . - , and assumed to be solar-to-supersolar. The H2 masses are not used to calculate 
dust-to-gas mass ratio, because the IR, emission was assumed to originate entirely from the H I  gas. 
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2.2. IsofCAM Data Reduction 

Most of the sources in Table 1 were observed with ISO/CAEVI (Cesarsky et al. 1996a) 
on board the IS0  satellite (Kessler et al. 1996). These spectra were used by Madden et al. 
(2006), and we refer to this work for a detailed description of the data reduction. The CVF 
performed spectral imaging using a 32 x 32 detector array, with a sampling of 3”pixel-I or 
6”pixel-’ in our cases, from X = 5 p m  to 16.5 p m  with one pointing of two CVFs, from 
X = 5 to 9.5 pm and from X = 9.0 to 16.5 p m .  The spectral resolution goes from A/AA = 35 
to 51 across the full spectra. 

For the data treatment, we used the CAM Interactive Reduction (CIR, version AUGO1; 
Chanial 2003). The subtraction of the dark currents was performed using the Biviano et al. 
(1998) model which predicts the time evolution for each row of the detector, taking into 
account drifts along each orbit and each revolution. We masked the glitches using multi- 
resolution median filtering (Starck et al. 1999) on each block of data after slicing the cube. 
Additional deglitching was performed manually, examining the temporal cut for each pixel. 
We corrected the systematic memory effects using the Fouks-Schubert method (Coulais Sr. 
Abergel 2000). We computed EL hybrid fla.t-field image placing a mask on the source and 
computing a flat field outside this mask from the median of the temporal cut for each pixel. 
For the pixels which were on-source, the flat-field response was set to the corresponding 
calibration Aat-field. The coiiversion from Analog Digit a1 Units to mJy/pixel was performed 
using the standard in-flight calibration da.ta base. To remove tlie sky contribution, the 
sources smaller than the array were masked and, for a given wavelength, the median of the 
pixels which are off-source were subtracted from each pixel. For the more extended sources, 
we subtracted an independently observed zodiacal spectrum. The intensity of this spectrum 
was a free parameter varied in order to match the properly sky subtracted fluxes in the LW2 
(6.7 p m )  and LW3 (14.3 pm) broadbancis. The final product is a 3D spectral-image of each 
galaxy. We integrated the spectruni into an aperture encompassing the entire galaxy, and 
to obtain the global SED of the galaxy. When the angular size of the source was larger than 
the one of the array, we scaled-up the spectruni to match tlie IRAS1zl,, broadband flux. 

2.3. Spiizer/IRS Spectrum Extraction 

Severrtl of the low-metallicity sources in Table 1 were not observed by ISO/CAA?, 
we therefore complemented oiir database with piilnlica.llgr released mid-IR spectra froin the 
S;r,itzer/IRS spectrometer on board the Spitzer Spcice Telescope (Houck et al. 20041); Werner 
et a l .  2004). Among these gdaxies, the spectra. of SRS 0335-052, NGC 7714, VI1 Zw 403, 
Haro 11 and I Zw 18 are descrilx-tcl in details in Hoiick et. a l .  (2004a.): BIa.ndl et al. (2004) and 
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Wu et al. (2006). We considered only low-resolution data, taken with the SL (Short-Low) 
module, from X = 5.2 prn to 14.5 ,urn, and the LL (Long-Low) module, from X = 14.0 prn 
t o  38.0 ,urn, both with a spectral resolution of A/AX N 64 - 128. 

. We retrieved the Basic Calibrated Data (BCD) that have been preprocessed by the 
Spitzer Science Center (SSC) data reduction pipeline, and converted to flux density, corrected 
for stray light and flatfielded. The extraction of the spectra from the 2D space/wavelength 
images was performed with the Spectral Modeling, Analysis and Reduction Tool (SMART, 
version 5.5.6; Higdon et al. 2004). We first inspected the BCD images and identified the 
hot pixels which have not been masked out by the SSC. We replaced them by the median 
of their neighbors. For each module, an off-source position is observed. We subtracted this 
spectrum from the on-source one, in order to remove the sky emission. The extraction of 
the 1D spectrum was performed inside a column whose width vary with the wavelength. 
We have excluded the bonus order. Then, the various frames, for each nod position, were 
coadded. Since the long wavelength end of the SL module and the short wavelength end of 
the LL one were not systematically overlapping, we finally scaled the SL module, in order to 
obtain a continuous spectrum. This scaling factor can be as large as 50%. At the time when 
this publication is written, the SpitzerlIRS data handbook recommends not to  derive the 
signal-to-noise ratio from the uncertainties generated by the pipeline. Instead of that, we 
adopted the recommended systematic error of 20%. However, the SL module of the noisiest 
spectra (VI1 Zw 403, Mrk 153, Mrk 930, I Zw 18, To1 89) exhibits fluctuations larger than 
this value. To take into account these statistical variations, we smoothed these spectra into 
a AX N 0.2 ,urn window (4 points), and took the standard deviation inside this window as 
the error. Similarly to what we did with ISO/CAM spectra (52.2), in order to compensate 
the fact that we may be overlooking some extended einission, we scaled-up the Spitzer/IRS 
SL and LL spectra to match the I B A S I ~ ~ ~  and IRAS25pm. In the case of I1 Zw 40, the 
Spitzer/IRS spectrum does not exhibit the PAH features that Madden et al. (2006) detected 
in the extended emission, thus we prefer to use the ISO/CARII data for this galaxy. For 
To1 89: the Spitxer/IRACspm broadband flux is higher than the integrated spectrum into 
the same band. This is probably clue to the fact that the slit of Spitzer/IRS measures only 
the iiuclcus emission, which likely has a steeper continuum and weaker features than the 
extended emission contributing to  the total broadbad. Therefore, we will consider the mass 
of PAHs derived for this galaxy t80 he a lower limit. 
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2.4. The Multiwavelength SEDs 

The UV-to-FIR SED of each galaxy was built using data from different catalogs. We 
extensively used the HYPERLEDA and NED databases. Most of the SEDs include IRAS 
broadband fluxes at 12, 25, 60 and 100 prn (Wloshir & et al. 1990; Rice et al. 19881, and 
J, H, K 2MASS fluxes (Jarrett et al. 2003). For some of the galaxies, we completed the IR 
SED with the broadband Spitzer data reported by Dale et al. (2005). We kept only data 
encompassing the entire galaxy. The optical data were corrected for Galactic extinction, 
using the Schlegel et al. (1998) extinction maps. 

For NCC 5253, we used the ISO/SWS observations of Crowther et al. (1999) to model 
the spectrum of this galaxy. 

3. DETERMINATION OF THE GLOBAL MASS OF PAHS 

3.1. Motivations and Approach 

The 8/24 pm flux ratio provides information on the strength of the PAH feat,ures in 
the galaxy, although it is relatively limited. Indeed, the Spitzer/IRAC~,, flux is dominated 
by the 8.6 pm PAH feature, but can be dominated by the continuum, in the case of low- 
metallicity galaxies (Madden et al. 2006), or by the silicate extinction feature at 9.7 p m ,  
in the case of deeply embedded sources (e.g. Spoon et al. 2004; Gallais et al. 2004). When 
there are no PAHs and the 8 p m  is dominated by the continuum, the 8/24 prn ratio reflects 
the color of the mid-IR emitting silicates and graphites. The Spitzer/R/IIPS2+,, flux is 
dominated by the continuum emission from. the silicate and caxbon grains. However, this 
part of the SED is very sensitive to the abundmce of small grains (e.g. Galliano et al. 2003, 
20051, and can originate additionally from large grains close to strong sources of radiation 
(e.g. Plante & Sauvage 2002; Vanzi Pr: Sauvage 2004). Fig. 1 shows the ratio of the two 
bands, for the sources presented in Table 1. The error bars on the ratio, in Fig. 1, come 
from the propagation of the observational errors. The error bars on the metallicity were not 
systematically given by the authors who puhlished thern. An error of 0.1 dex in the O/H 
riumber abundance accounts for the typical di.spersion between independent measurements. 
There were 6 sources, in Table 1, for which no nietallicity measurements were reported. 
However, all of them have the morphology, optica.1 colors, IR emission and H2 content of 
solar or supersolar systems, with KGC 1399 probably having the largest nietallicity. We 
assign an arbitrary 2 = (2 f. 1) Z,, to t.hese galaxies: and consider them to be uncertain. 

The optical properties of the PAHs have not the same spectral shape than the oncs 
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Fig. 1.- Mid-IR color as a function of the oxygen number abundance, for the sam- 
ple in Table 1. Our observed SEDs have been integrated over the Spitzer/IRACs,, and 
Spztzer/MIPS~~,TrL bandpasses, in order to produce this plot. The two open circles are 
the (U)LIRGs of our sample. The grey stripe is the z k l ~  linear correlation between 
log(O/H) and log (K,(S pm) /Fv (24  ,urn)). The hatched stripe shows the range of the ra- 
tio (0.06 5 Fy(8 p:rn)/F,,(24 pm) 5 0.13): when it nieasures the color of the silicate and 
graphite continuum due t,o the weakness of' the PAH features. 
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of solid-state grains (carbonaceous or silicates) believed to be the carriers of the mid-IR 
continuum. Fig. 2 shows the wavelength-dependence of the mass absorption coefficient, K&s7 

of various types of grains. It shows that the value of Kabs for PAHs drops by 4 orders of 
magnitude between 0.1 and 1 prn, where the stars emit most of their energy, while the Kabs 

of graphite and silicate dust drop by less than 2 orders of magnitude. However, most of the 
energy is absorbed at shorter wavelengths. Thus, the PAHs are more sensitive to  very young 
stellar populations than the grains responsible for the 24 pm continuum (Fig. 3), and a 
correct determination of their excitation rate should ideally take into account this property. 
Beyond 1 pm, the opacity of analog PAHs measured in laboratory (Mattioda et al. 2005) 
can be higher than the values stated by Li & Draiiie (2001). 

0.0 1 0.1 1 10 100 
Wavelength [pm] 

Fig. 2. The wavelength-dependence of the mass absorption coefficient of the PAHs (Li St 
Draine 2001), graphites (Laor & Draine 1993) and silicates (Weiiigartner Si Draine 2001); 
integrcztcd m’cr the Zubko et al. (2004) sizc distribution, for tlic bnrc grain iiiodel with solar 
abuntlance mnstraints (BAREGR-S). 
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10 

Fig. 3. Sensitivity of the energy absorbed by the PAHs to the age of the stellar populations. 
The solid lines are two instantaneous bursts modeled with PEGASE, with a Salpeter IMF. The 
black spectrum is taken immediately after the burst, while the grey one has evolved during 
1 Gyr. The dashed lines are the part of these spectra absorbed by the PAHs, with the 
mass absorption coefficient of Fig. 2, and a thin slab geomctry. The hatched areas are the 
energies carried by non-ionizing photons absorbed by the PAHs, for each stellar spectrum. 
This eiiergy is 10 times higher for the young burst, than for the old one. 
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The determination of the mass of PAHs, from an observed SED, requires a more sophis- 
ticated approach than a simple modified black body fit, since they are transiently heated, 
hence only a fraction of them is excited at a given time. Consequently, a proper determi- 
nation of the PAH content must also take into account the characteristics of the intrinsic 
radiation field, in addition to their size distribution. 

3.2. Determination of the Global Interstellar Radiation Field 

In order to study the variations of the PAH content with the metallicity, we considered 
several galaxies at different metallicities, some of these galaxies being scarcely observed. 
Thus, we developed a simple self-coiisistent model, fully constrained by the data. The major 
assumption of our approach is that the PAHs are bathed by an homogeneous radiation field 
throughout the galaxy. More precisely, we assume that PAHs are not present in H 11 regions, 
where they are destroyed (e.g. Cesarsky et al. 199Gb; Peeters et al. 2002; Martin-HernBndez 
et al. 2002), and that they are not present in molecular clouds, where they are probably 
accreted onto larger grains. In star forming regions, the gas density to  radiation 
field intensity is generally such that the H I / H ~  transition lies very close to the 
surface and that the gas in the UV penetrated cloud layer is partially molecular. 
However, most of the molecular mass is devoid of PAH emission. We therefore 
assume that all the PAHs are associated with the H I  gas, and that they do not receive any 
ionizing photons (A < 0.0912 ,urn), which are absorbed into the HII regions. Fina.lly, we 
assume that the grains emitting most of the far-IR energy are bathed by the same radiation 
field as the PAHs. This latter assumption is corroborated in part by the observed correlation 
between the intensity of the P-4H 7.7 prn feature and the 850 p m  flux in galaxies (Haas et al. 
2002). However, this correlation may not be valid at spatial resolutions high enough to resolve 
the clumps. 

The determination of the intensity of the ISRF is done in the following steps. 

Determination of the intrinsic stellar luminosity. We use the stellar evolution a~id 
population synthesis model PEGASE (Fioc 8~ Rocca-Volmerange 1997), in order to gen- 
erate a proper stellar spect,ruiii: for each galaxy. Its luminosity, LE, is the linear 
combination of‘ two instantaneous bimts, of different ages. The stellar iiionochroniatic 
luminosity is: 

L*, = ‘\{L:c)ur,g x Lt(tvoui lg)  + 1b-:]d x Lt(to1dL (1) 

and hl&lrlg bcing thc iiiRSSCS of each components, and told and tyollng thcir ages. 
These are tlie free paralnctcrs:. L t ( t )  is: tlie himinosity per iinit mass, t Vfyr aftcr 
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an instantaneous burst, assuming a Salpeter initial mass function. These two bursts 
represent the old underlying stellar population and the most recently formed one, 
respectively. This modeling does not take into account a possible contribution from an 
AGN, since in most of our galaxies, the SED is dominated by the stellar input. 

Estimation of the escaping stellar light fraction. The escaping stellar radiation is: 

where r(v)  is the optical depth of the medium and w ( v )  the albedo of the dust. The 
escaping fraction, P,,, depends on the geometry of the medium. We consider consec- 
utively two extreme geometries: a sphere where stars and dust are uniformly mixed 
(Vtirosi & Dwek 1999): 

(3) 

with 

and a thin shell geometry with central illumination, for which: 

Another unknown is the shape of the extinction law, ~(v), and its corresponding albedo, 
w ( v ) .  In order to avoid strong hypothesis on the dust properties, we consider consec- 
utively Galactic, LMC and SMC extinction curves. Similarly to what Pei (1992) did, 
we fit these three curves with a linear combination of graphites and silicates, the PAHs 
representing only a small fraction of the mass are neglected at this point. We adopt 
the BARE-GR-S grain size distribution (bare grains with solar depletion constrains 
on the a.mount of metals locked into the dust; Zuhko et a1. 2004). The opacity of the 
grains is: 

&dust (v) = Cgra x ~ g r a (  v) + (si1 x Ksil (v)) (6) 

where K . ~ ~ ( v )  and ~,il(v) are plotted at Fig. 2, and their derived relative mass fraction, 
cgra and &, are given in Table 2. For an homogeneous medium, with a dust mass 
density of &st: 

P L  

wliere L is the line of siglit and A is the dust iiiass cohiirin density. Thus, for a givw 
oct inct ion typc and geoniet ry. t h  only free paranit>t ~r go\-erning Pes, (r, w) is A .  The 
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Table 2: Mass fractions of silicate and graphite, for different extinction curves. 

Galaxy LMC SMC 
0.36 0.14 0.02 

cy1 0.64 0.86 0.98 

escaping luminosity, LFV-"pt., is constrained. by the observed UV-optical broadband 
fluxes. 

Derivation of the intrinsic radiation density. The intrinsic stellar monochromatic lu- 
minosity gives us the global shape of the ISRF. The radiation energy density, U,, is 
defined as follows: 

The left-hand side is the global absorbed energy, and the right-hand side is the inte- 
gral over the volume of the locally absorbed energy. In the case of an homogeneous 
distribution, it gives: 

x L* , (4 ,  (10) 
1 - Pesc(7 ,  w >  

w/(v)  = 
c Mdust  &dust (v) 

where is the total - non PAH - dust mass. This radiation density is constrained 
by the far-IR emission. Indeed, this part of the SED is not sensitive to the size 
distribution, since it is dominated by large grains at equilibrium with the radiation 
field, still small enough to be in the Rayleigh regime. Tli~is, we adopt the BAREGR-S 
of the Zubko et al. (2004) model and fit the far-IR SED (usually the IRAS60pm and 
IRASIooclm bands) with: 

t gm(sil) where L, is the graphite (silicate) monochromatic luniinosity per unit mass of 
dust. Since, the grains emitting in the far-IR are the largest, and they contain the 
essential of the niass, we asslime that: 

We will discuss, in $4: possible deviations to this relation. 

Fig. 4 shows ail exaiiiplc of a SED fitted in order to deterinine the radiation den- 
The B: V. H. E( 1)aiit-l~. at lcast, are required to constrain the biirst, par;mif>ters, sity. 
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fUyoung, tyoung, Mold, told. To coilstrain the parameters of the ISRF, A and k?d,&, we ad- 
ditionally need at least the 60 and 100 ,urn IRAS fluxes. The excess between - 10 and 
N 40 ,urn can be attributed either to an overabundance of small grains or to hotter regions, 
while a possible excess in the submillimeter could be attributed to colder shielded regions. 
We do not require energy conservation between the energy absorbed and reradiated by the 
dust, since we fit the SED only partially. 

1o1O 

n 
0 

Cll 
U 

1 o9 
4" 
a 

1 o8 

0.1 1 10 100 1000 
Wavelength [pm] 

Fig. 4.- Deteriniiiation of the intrinsic stellar radiation density. The syiiibols and the mid- 
IR spectrum are the observations. The mid-IR regime is purposely not fitted at this step. 
The open circles are the data which have not, been used to constrain the ISRF. 

3.3. Estimation of the PAH Mass 

Tlie mdiatiou density in Eq. (10) is used to excite two conipoiie~its of neutral and 
ionisod PAHs. with the BARE-GR,-S size distrihiition of ZiiI-ko rt, al. (2004) and the Li & 
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Draine (2001) optical properties, taking into account the stochastic heating. The luminosity 
reemitted by the PAHs is: 

t PAH'(PAH+) where M'AH is the mass of PAHs, f+, the mass fraction of cationic PAHs, and L, , 
the luminosity per unit mass of PAHs. The free parameters controlling this component are 
f+, and MPAH. We incorporate several other physical ingredients in order to fit the detailed 
observed mid-IR spectrum. A very hot grain (VHG) continuum is inodeled with the sum of 
two modified black bodies, with the absorption efficiencies of graphite and silicate, pibs(a, v), 
and their densities pi.  This approximation can not be valid in the case of stochastically 
heated very small grains, however this analytical formulation is sufficient to subtract the 
underlying continuum present in all our spectra. A more sophisticated component would 
be underconstrained. The silicate feature in emission is 
Mrk 153. The luminosity of this VHG continuum is: 

usually not prominent, except in 

x B, ( 7 1 ,  T,v""), (14) 

for i = {graphite, silicate}. The masses MyG, a.nd the temperatures T F  are the only free 
parameters. The grain radius no is arbitrarily fixed to 0.03 prn, the results being insensitive 
to its value. 

The mid-IR contains several powerful emission lines. The briglitests are usually the 
[Ar II]6.98;Lm, [AT III]8mp7n, [s IV] 10 .51 ;~~ ,  [Ne 111 12.81pm and [Ne IIT115.56pm. w e  t h ~ e f o r e  add to 
the fit our mid-IR spectra Nion ionic lines of luminosity L p ,  with gaussian profiles: 

The width, Av, is set by the spectral resolution. The oiily free parameters of this coniponent 
are the various Li. These lines are not used iii this paper, we model them in order to properly 
subtract their contribution to the total spectmiii. 

Finally, all these coinponerits are attenua.ted by the escaping probability, Pest. In some 
cases, where the sources are deeply embedded, t.he optical depth deduced from the UV can 
differ significantly froin the one derived from the observed silicate feature ahsorption at 
9.7 prn. This effect has been encount>eretl in mnicroits I S 0  spectra (e.g. Thum et, al. 1999b; 
Gallais et al. 2004). Therefore, we det.ermine m o t h r  optical depth, T ~ ~ ~ ~ . (  v) ~ from the fit, of 
the niid-IR spectrum. 
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In conclusion, the spectrum is modeled by the following equation: 

the stellar continuum being important only for elliptical galaxies. Fig. 5 demonstrates this 
method. Froin this fit, we derive the total PAH-to-total-gas mass ratio, &AH: 

and Z is the inetallicity of the galaxy. The mass fraction of carbon which is locked in PAHs 
is: 

ZC in P A H ~  21 ZPAH. (18) 
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Fig. 5.- Determination of the PAH abundance. The error bars are the observed mid-IR 
spectrum. The dashed line is the sum of the PAH' and PAH' spectra. The dashed-dotted 
line is the intrinsic hot grain continuum. The black solid line is the attenuated sum of all 
these components, fitted to the observed spectrum. 
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4. THE PAH ABUNDANCE IN GALAXIES 

4.1. Results of the SED Modeling 

We applied the method described in $3.2 and 3.3, to the sample in Table 1. For each 
galaxy, we performed the SED and mid-IR spectrum fitting for the three dust compositions 
given in Table 2, and for the two geometries: uniform and thin shell. We show the figures 
obtained with Galactic extinction and uniform geometry, in Figs. 6 to 14. The other models 
give fits of the same quality, the main difference being due to the variations in the strength of 
the 9.7 pm silicate feature in extinction. The dispersion of the results given by the different 
models is an indication of their sensitivity to the model parameters. Consequently, the upper 
and lower limits presented in Fig. 15 and Table 3, are the maximum and minimum value of 
each quantity derived by the six models. In addition, these maximum and minimum values 
take into account the observational errors (e.g. the upper limit on the mass of PAHs is the 
value of the mass given by the model which gives the higher mass, when fitted through the 
higher end of the error bars on the observed spectrum). In most of the cases, the dispersion 
among the different models is larger than the observational error. 

PAH features are not detected in I Zw 18, SBS 0335-052, Mrk 153, NGC 5253 and 
NGC 1399. For these galaxies, we get an upper limit by fitting the short-wavelength part of 
the mid-IR spectrum with the maximum PAH amount allowed by the observational errors. 

I Zw 18: The H I  extends far out of the star forming region. Instead of normalizing the 
dust masses by the value of f%fHI in Table 1: we consider that the HI mass associated 
to the star forming region is the one of the object Hr-A (van Zee et al. 1998), where 
hiH, = 4.4 x 107 M ~ .  

SBS 0335-052: The 65 p m  flux is the one reported by Hunt et al. (2005). The fit of this flux 
gives a far-IR dust temperature slightly colder than what we m7ould obtain by fitting 
only the slope of the Spitzer/IRS spectrum. However, this gives a conservative solution, 
since we derive only an upper limit on the mass of PAHs, in this galaxy. The H I  halo 
extends also far out of the star forming region. We i~~sunie  that the star forming region 
has the same size thah the optical galaxy, i.e. a radius of 1 . G  kpc (6”). We derive the 
corresponding mass of H I: using the average coluirin density of N, I = 7.4 x lo2’ c r ~ i - ~  
reported by Pustilnik et al. (2001). We find M H ,  = 4.6 x lo7 A&. 

VI1 Zw 403: This Spztzer/IRS spectrum of this galaxy has been studied by WU et al. (2006). 
However, they did not report aiiy PAH detection. The degradation of the spectral 
resolution that we performed on this spectra (see 52.3) increases the signal-to-iioise 
ratio significantly. We report R 4cr detection of thc 7 7 pm feature, and margiiial 
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detections of the 6.2 and 8.6 ,urn features. This is the lowest metallicty PAH detection 
to date. 

Haro 11: As quoted by Bergvall et al. (2000), the ratio A ~ H ~ / L B  < 0.01 is abnormally low 
in this galaxy. The low value of the H I  mass explains the high value of its dust-to- 
gas mass ratio (Fig. 15). On the contrary, its PAH-to-far-IR-dust mass ratio is not 
peculiar. This source, at 92 Mpc, is one of the most distant object in our sample. 

IC 342: This galaxy is located at 10" of Galactic latitude. Hence, it is highly extincted by 
the foreground, which explains the peculiar shape of its optical/near-IR observed SED. 

To1 89: The mid-IR spectrum of this galaxy samples only its nucleus. That is the reason 
why it underestimates the Spitzer/IRACs,, flux. To be conservative, we derive the 
lower limit on the PAH mass by fitting the spectrum, and the upper limit, by fitting 
the broad band. 

NGC 1399: This object is a cD galaxy. Its interstellar medium is likely very tenuous and 
the mid-IR emission is dominated by the contribution of evolved stars. It has not been 
represented on the upper panel of Fig. 15, since we only know the upper limits on the 
PAH and H I  gas masses. However, it is shown on the lower panel; the higher open 
circle is the ratio between the upper limit on the PAH mass and the lower limit on the 
dust mass. 

Circinus: This galaxy is located at Galactic latitude below 5". Like IC 342, its optical 
fluxes are very uncertain. 

NGC 6240 and Arp 220: These two objects are the (U)LIRGs of our sample. In partic- 
ular, the PAH-to-neutral-gas mass ratio of the most luminous, Arp 220, is very low. 

The top panel of Fig. 15 shows the variation of the PAH and FIR-dust to gas mass 
ratios with the metallicity of the interstellar medium. Each individual galaxy can be seen 
as a snapshot of galaxy evolution, at a given time. First, we Gote that the Galactic values 
of the dust-to-gas mass ratios are in agreement with the one of the other galaxies, around 
the same metallicity. These Galactic values were derived by Zubko et al. (2004), from the 
fit of the emission and extinct,ion of the diffuse interstellar medium, with further constraints 
from the elemental depletion patterii. Thiis. it, is a very reliable estimation. This comparisoii 
confirms that oiir method does not overlook a significant2 amount, of dust, at least around 
the solar metallicity. Second, the trends of Zp.4~ aiid Z F I R - ~ " ~ ~ ,  with the metallicity are not, 
identical. Our sample spreads two orders of magnitude in nietallicity. We can see that the 
PAH-to-gas mass ratio rises bv f i ~ ~  orclers of magnitudes, while the FIR-dust-to-gas iiiass 
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ratio, by only three. This differential evolution is illustrated in the lower panel of Fig. 15, 
showing the PAH-to-FIR-dust mass ratio. This figure is the analog of Fig. 1, but instead of 
considering integrated fluxes, it deals with abundances. The PAH-to-FIR-dust mass ratio 
rises by two orders of magnitude, over our sample, while the IRAC~p,,/MIPS~~pm band ratio 
varies only by one order of magnitude. 
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Fig. 6.- Fit of the galaxies' SEDs. These figures are the malo& of Figs. 4 and 5 ,  for 
all t,he galaxies. We show only the iiiodel for a Galactic extiiiction law and a uniform 
sphere geometry. The left punel shows the fit of the total SED. The normal lines aze the 
coinponeiits of the model, the escaping stellar and dust emission being plotted with solid 
lines: and the intrinsic stellar with dashed lines. The circles Lvitlith error bars are the broacl- 
kaiid (.hserva.tions, and the thick line is the observed mid-IR spectrum. The right panel 
shows the detailed fit of the niid-IR spectrum. The grey region is the observed spectrum 
(white line) f l u ,  the grey dotted lirie is the st>ellar coiitiriuuix; the grey dashed line, the sum 
of c:at,ionic and neutral PAH emissioii, the g ~ e y  solid line. the very hot grain continuuiii, and 
t lie thick line, the a,tteriuatecl sum of all the coi-nponeiit,s. For clarity! we did not represeut 
t,lic i(.niic liiics. c?.lt31iough they arc part, of th t t  filial fit. 
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Fig. 7.- Fit of t h c  gdaxics' SEDs. See Fig. 6 for details. 
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4.2. A Model for the Gas and Dust Evolution 

We have developed a one-zone single-phase chemical evolution model, t o  follow the 
abundances and composition of the dust and the metallicty as a function of time, in order 
to  interpret the results of our SED modeling. In this section, we will give a brief description 
of the physical processes which are incorporated. A more detailed discussion can be found 
in Dwek (1998) and Dwek et al. (2007). Assuming a common star formation history, we will 
use this model to interpret the observed evolutionary trend of galaxies' SED with metallicity, 
on a global scale. 

4.2.1. Metal Enrich,ment and Gas Evolution 

In the present paper, we consider a closed box model. We consider the delayed injection 
of material by different stellar progenitors, but we assume that the mixing of the elements 
in the ISM is instantaneous. We adopt a Salpeter initial mass function IMF, b(m), defined 
as follows: 

ml = 0.1 Ma 
mu = 100 iVl@ 

with 

where m is the mass of individual stars. We define the average stellar mass: 

The evolution of thk gas mass surface density, E,,(t), with the time t ,  is: 

where CSFR(~)  is the mass of star formed per unit time and per unit surface area, r(m),  the 
lifetime of a star of mass n?,, and m,cj(m,), its mass of gas returned to the ISV. The first 
terni of the right, hand side of Ey. (21) is the aniouiit of gas removed by the star frxmation: 
and the second term, is the delayed inject.ion of the gas (H, He and met,a.ls), by the various 
p.rogenitors. The IS54 metallicity, is defiiied as: 



Table 3-Continued 

Note. - Most of these quantities are defined in 53.2 and 3.3. MPAH is the total mass of PAHs (Eq. 13); f+ is the mass 
kaction of cationic PAHs (Eq. 13); Addust is the mass of dust dominating the far-IR regime (Eq. 11); Ldust is the bolometric 
luminosity emitted by the dust; LStm is the intrinsic bolometric luminosity emitted by the stars. The sources are ordered 
according to  their metallicity. The symbol ('1 identifies uncertain values. 
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where Z,,(t) is the metal-to-gas mass ratio, and Zdwt(t), the dust-to-gas mass ratio that 
will be discussed at 54.2.2. Its evolution is analog to Eq. (21): 

where Yz(m) is the yield of elements heavier than He, by the stars of mass [m, m + dm]. 

The elemental yields, Yz(m), for the low mass stars (rn 5 8 Ma) are taken from 
Karakas & Lattanzio (2003a,b), and from Woosley & Weaver (1995) for the high mass stars 
(m > 8 Ma). Furthermore, a prescription for the star formation rate is required, in order 
to  solve these equations. This prescription is given by the Schmidt (1959) law, with the 
coefficients derived by Kennicutt (1998): 

and is used to replace &R(t )  in Eq. (21 ) .  Fig. 16 shows the evolution of the total metallicity, 
and of the reduced gas mass pga9(t)  G CRas(t)/C:as, where = C,(O) is the initial gas 
mass surface densiby. 

4.2.2. Dust Formation and Destruction 

The evolution of the mass surface density, Z,( t ) ,  of a given dust specie, is the sum of 
three contributions: (i)  the rate of dust destruction by star formation, (ii) the rate of dust 
condensation in stellar progenitors, (zzz) the rate of dust destruction in the ISM, by SN blast 
waves: 

where K(m) is the yield of the considered dust specie by stars of mass [rn, vi + dm], and 
~ ~ i ~ ~ ~ ( t ) ,  the dust lifetime in the ISM. 

The dust yields are derived from the elemental stellar yields described at 54.2.1, following 
Dwek (1998). For low mass stars (m. 5 8 M:))? the dust yields depend on the value of the 
C/O ratio. VG'e assume that, the ejecta is microscopically mixed, so that all the excess carbon 
is locked-up in dust, if C>O. If C<O: then we conibine all the available Fe, Si, Mg, Ca and 
Ti, with one 0 atom to produce silicate dust, and titanium oxydes. For high mass stars 
( n z  > 8 Adc3), we assume that the ejecta is only macroscopically mixed, so that b0t.h carbon 
and oxygen rich dust can condeiise. 14:e assume a condensation efficiericy of unity for all  
dust species. 
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The lifetime of dust, Td,&(t) is directly related to the SN 11 rate (Dwek & Scalo 1980; 
McKee 1986): 

where R ~ ~ l l ( t )  is the SN 11 rate per unit area, and  ISM) is the average effective mass of 
gas, swept up by a single SN remnant, where the dust is returned back to the gas phase, by 
either thermal sputtering, or grain-grain collision (Jones et al. 1996). The value of ( r n ~ s ~ )  is 
largely unknown. We explore its effects, by varying it from   ISM) = 0 &Ia (no destruction), 
to  ISM) = 300 Ma (typical destruction). The latter value is typical of our Galaxy. Indeed, 
if MfL' N 5 x lo9 Ma is the total mass of gas in our Galaxy, I?:$' N 1/30 yr-l, its average 
SN rate, and 7-E: = 5 x lo8 yr, the mean lifetime of an ISM dust particle (Jones 2004), then: 

Fig. 17 shows the evolution of the total dust content formed by inassive stars, and the 
carbon dust formed by AGB stars, for various initial conditions, and destruction efficiencies. 
The SN 11 dust evolves almost linearly with the metallicity, in absence of destruction, because 
the metal enrichment is dominated by massive stars. In contrast; the AGB carbon dust starts 
rising when the metallicity of the ISM is around 1/20 2,. This value corresponds to a time 
of N 100 Myr (Fig. 16), which the lifetime of the most massive AGB stars. Hence, the carbon 
dust produced by AGB stars is injected into the ISM, with a delay which corresponds to the 
lifetime of the stars. This evolutionary trend was previously noted by Dwek (1998) 
and Morgan & Edmunds (2003). The change in the slope of the AGB carbon dust, 
around 1 Z,, is simply due to the fact that AGB stars of lifetime longer than - 1 Gyr are 
oxygen rich. The dust destruction effects the evolution for 2 2 0.1 ZG. 

4.3. PAHs and the Delayed Injection of AGB Carbon Dust 

From an observational point of view, PAHs are believed to forin in the circumstellar 
enveloppes of carbon rich AGB stars, and to be subsequently ejected into the ISM though 
stellar winds. Ho~vever; the direct indications of this formation process, on individual stars 
are very few (Hony et al. 2001; Boersina et al. 2006). The main reason for this lack of 
observational evidence, is probably that the PAHs are not sufficieiitly excited by their UV 
deficient stellar progenitor. In what follows, we will assume that PAHs are only 
fornied in the envelopes of AGB stars. 

Fig. 18 shows the coinparison between the dust and PAH abuiidaiices derived from 
the ohseri-at ions (Fig. 15)? and the ones proclucccl by the evoliit io i i  iiiotlcl (Fig. 17). The 
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agreement between the PAH-to-gas mass ratio, and the carbon dust production by AGB stars 
is very good. Hence, the peculiar evolution of the PAH content in galaxies can naturally he 
explained by the delayed injection of carbon dust into the ISM, by AGB stars. 

The galaxy He 2-10 is the only outlier. This object is a solar metallicity blue compact 
dwarf galaxy. Its SED is similar to lower metallicity galaxies (Galliano et al. 2005), however 
its metallicity is very uncertain; for example Vacca & Conti (1992) quoted 1/6 2,. This 
uncertainty may reside in the fact that this galaxy has two cores, resulting from a merger. 
The properties of these nuclei are different in terms of dust absorption (Phillips et al. 1984), 
molecular gas content (Baas et al. 1994), compact source distribution (Cabanac et al. 2005), 
and mid-IR spectrum (Martin-Hernhdez et al. 2006). Thus, our global approach may not 
apply to this object. 

Two processes, that were not taken into account in our model, may poten- 
tially have an impact on the observed trend of PAH abundance with metallicity: 
(2,) an additional, non-AGB, source of PAHs, and (22) a radiative destruction 
mechanism, in addition to  the mechanical one by SNRs. We argue below, that 
none of these processes will affect the observed trend of PAHs with metallicity. 

In principle, PAHs can form by some interstellar processes, for example, by 
the hydrogenation of small carbon grains. Initially, their abundance will then 
follow the evolutionary trend of SN-condensed carbon dust. However, their 
absence in low metallicity systems suggests that they are efficiently destroyed, 
presumably by shocks or UV radiation, as envisioned in by Madden et al. (2006) 
or O’Halloran et al. (2006). At later times, the rate of PAH production by these 
interstellar processes will follow the evolutionary trend of AGB stars, since they 
will be the major source of carbon dust in the ISM. 

Our model ignored the destruction of PAHs by UV photons capable of sub- 
liming or dissociating these molecules. However, since all hard UV photons are 
produced by massive stars that eventually become SN, the PAH destruction rate 
by UV radiation will follow the same time dependence as their destruction rate 
by SNR. The main difference between the two destruction mechanisms is that 
the PAH destruction efficiency by UV radiatin will be more efficient at earlier 
times, when the dust abundance is low and the ISM more transparent to UV 
radiation. The main effect of the UV radiation will therefore be to destroy any 
PAHs that may have formed at early times by non-AGB sources. At later times, 
the effect of UV destruction will mainly effect the model by increasing the value 
of { T J I I S M ) ,  which will now include the effective mass of the ISM gas that was 
cleared of PAHs by UV radiation, in addition to  that cleared by shocks. 
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In summary, at early times the two processes discussed above cancel each 
other out, since the UV radiation can effectively destroy most of the PAHs 
that may have formed by interstellar processes before the first progenitors of 
AGB stars evolved off the main sequence. At later times, the two processes will 
be indistinguishable from those already considered in the paper: any interstellar 
PAH source will follow the time evolution of AGB stars, and any UV destruction 
mechansim will follow that of the destruction rate by SNRs. 

The global trend of PAH abundance with metallicity does not preclude the 
possibility of local variations of PAH abundance in individual galaxies. For 
example, the SMC which has on the average a metallicity that is 1/6 2, (Dufour 
et al. 1982) has at least one region, the molecular cloud SMC Bl#1 (Reach et al. 
Z O O O ) ,  with a PAH-to-dust ratio that is comparable to the Galactic value (Li & 
Draine 2002). Even in our Galaxy, there are regions with “super Galactic” PAH 
abundances (e.g. Ridderstad et al. 2006). Such local abundance variations are 
a natural consequences of processes, such as mixing of stellar ejecta and cycling 
between the ISM phases, that when globally averaged, will follow the general 
trend of PAR abundances with metallicity depicted in Fig. 18. 

4.4. The Evolutionary Trend of SN-Condensed Dust 

The far-IR dust content is in good agreement with the dust production by SN 11, down 
to N 0.1 2, (Fig. 18). Below this value, the model systematically overestimates the observed 
far-IR dust content. There may be several reasons for this discrepancy. 

First, we may have overestimated the gas mass, in the lowest metallicity sources. Indeed, 
the distribution of H I  of these galaxies extends farther out of the star forining region, as 
discnssed in $4.1. We have attempted to correct this effect, for I Zw 18 and SBS 0335-052, 
by considering only the gas content associated with the opticd galaxy. However, we could 
not correct for the gas located out of the star forming region mcl along the line of sight. 

Second, we may have underestimated the dust mass by overlooking a cold dust compo- 
nent. Indeed, Galliano et al. (2003, 2005) showed that the submillimetre excess observed in 
the SEDs of NGC 1140, NGC 1569, I1 Zw 40, and He 2-10, could be consistently explained 
by the presence of very cold dust; accounting for 40 to 80% of the total dust mass. On 
Fig. 18, the FIR-dust-to-gas mass ratio of these four galaxies is indeed, below the SIT i I  

production rate by a factor of N 2. Assuming t,ha.t t.lie high clurripiness of the ISM is a. 
gcneral property of low-nieta.llicit,y systems: wild t.1ia.t the filling factor and/or contrast den- 
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sity of these clumps rises when the metallicity drops, we have a natural explanation for this 
deviation. We can not address this issue, because of the lack of submillimetre data for these 
very low-metallicity galaxies. 

Third, the discrepancy between the predicted and observed SN 11 dust at low metallicity 
could be due to several parameters or assumptions used in the chemical evolution modeling. 
(1) The IMF could play an important role in the absolute value of the dust production by 
SN 11. It would indicate that the slope of the IMF is metallicity-dependent, and that the 
contribution of massive stars is lower, at very low ZISM, which seems to be unlikely, both 
froin a theoretical point of view (star formation), and an observational point of view (star 
counts). (2) A much more likely explanation could come from the fact that we assumed 
that the condensation into dust of the elements ejected by the SN 11 and their mixing in the 
ISM is instantaneous. If the major part of the dust was to condense into the ISM, and not 
directly into the SN 11-ejecta, then the dust formation would be delayed after the death of 
the massive stars. (3) Finally, the dust production rates, computed from our dust evolution 
model, implicitely assume that the star formation rate of the galaxy is smooth and that the 
mixing is instantaneous. This hypothesis is certainly valid for evolved systems, but could be 
wrong for very young objects. For example, Legrand et al. (2000) suggested that the star 
formation history of I Zw 18 is not continuous. 

5 .  CONCLUSION AND SUMMARY 

The origin of the weakness of the mid-IR aromatic features - coinmoiily attributed to 
emission from PAHs - in low-metallicity environments has been traditionally interpreted 
as the consequence of the increased selective destruction efficiency of' the PAHs in these 
environments. In this paper, we presented a new interpretation for the observed correlation 
of the intensity of the mid-IR. emission from PAHs with galaxies' metallicity. In our model, 
the trend is a manifestation of the evolution of the abundance of PAHs that condensed in 
AGB stars. We also show that the inclusions of any source of PAHs, in addition 
to the AGB stars considered here, and a radiative destruction mechanism, in 
addition to the mechanical one by SNRs, will still retain the evolutionary trend 
of AGB condensed dust abundance with metallicity. 

To ascertain this trend and derive the abundance of PAHs, we modeled the UV to far-IR 
SEDs in a sample of 35 nearby galaxies, with metallicities ranging from 1/50 to N 3 2,. 
From these models, we determined the intrinsic stellar radiation field which was used to 
determine the abundance of the PAHs giving rise to the mid-IR. aromatic features, and the 
tihimdance of the dust that gives rise t80 the far-IR cniission. We thcii iisetl a cheniical 
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evolution model to  calculate the abundances of SN- and AGB-condensed dust as a function 
of tiine - or metallicity. The model takes into account the delayed recycling of the ejecta 
from low-mass stars caused by their finite main-sequence lifetime. 

The main conclusions of this paper are the followings. 

1. In our analysis of the mid-IR spectra of nearby galaxies, we detected the 7.7 ,urn 
aromatic feature at the 40 level in VI1 Zw 403, a dwarf galaxy with 2 N 1/20 2,. 
This is the lowest metallicity galaxy for which PAH emission has been detected to date. 

2. We find that the derived relative abundance of PAHs and FIR-dust evolves with metal- 
licity, suggesting distinct evolutionary histories for these two types of dust grains. 

3. Comparison of the observed dust-to-gas mass ratios with the results of our chemical 
evolution model shows the following: (1) the delayed injection of PAHs into the ISM 
provides a natural explanation for the paucity of these large molecules in low metallicity 
systems; (2) the subsequent rise in the PAH-to-gas mass ratio with metallicity is then 
a natural consequence of the increasing cobtribution of AGB stars to the chemical 
enrichment of the ISM as they evolve off the main sequence; (3) the evolutionary trend 
of FIR-dust-to-gas mass ratio with metallicity generally follows the distinct evolution 
of SN-condensed dust which is instantaneously injected into the ISM after the birth of 
the progenitor star. 

4. The inferred FIR-dust-to-gas mass ratio falls below the calculated value for SN-condense 
dust in the lowest metallicity galaxies. This discrepancy may be due to one or more of 
the following: (1) an overestimate of the H I gas mass used to derive this dust-to-gas 
mass ratio; (2) an underestimate of the FIR-dust mass due to the possible presence of 
a cold dust coniponent; (3) the gradual mixing of SN ejecta into the ambient medium; 
and finally (4) a more complex star formation history than used in the model calcula- 
tions. 

The success of our chemical evolution model? in reproducing the trend of PAH abun- 
dances with metallicity, strongly suggests the importance of stellar evolutionary effects in 
deteriniiiing the abundances and composition of dust in galaxies. These will have important 
consequences for the opacity of galaxies and their reradiated thermal IR emission. Chemical 
evolutioii iiiodels for dust must therefore be an integral part of population synthesis models, 
providing in self-consistent link between the stellar and diist emission components of the SED 
of gslLkxics. 
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